Cancer metastases are often developed in organs which receive the venous blood from a primary tumor tissue. Embolization of the blood-borne cancer cells at the microcirculation may be an important step in metastasis formation. Leukemic cells in the blood pass through capillaries as leukocytes and this would be a necessary factor for the maintenance of leukemic state in leukemia. Even in non-leukemic tumor cells, several workers have found either with direct observation in vivo (Zeidman 1961; Sato and Suzuki 1972) or with labeled tumor cells (Fisher and Fisher 1967; Fidler 1970 ) that the cells transferred in blood could pass through capillaries with some delay. Nakamura and Suzuki (1969) reported that the number of cells passing through the lung, which was calculated from the inci dence of instantaneous death following intravenous (i.v.) injection of tumor cells, was characteristically different with tumor strain.
The filtration technique using Nuclepore filters has been employed as a simple and direct method to examine the properties of blood cells relating dynamic rheological behavior of the cells in the microcirculation (Gregersen et al. 1967; Chien et al. 1971; Lichtman et al. 1973; Durocher et al. 1974) .
In this report, the filtrability and flow characteristics through the filters were compared among leukemic and non-leukemic tumor strains, and the significance of rheological properties of tumor cells in the hematogenous spread of cancer was discussed.
MATERIALS AND METHODS
Animals and tumors. The animals used were 6 to 8 weeks old Donryu rats (Nihon Rat Co., Saitama, Japan) and 4 to 8 weeks old DBA/2 mice (Hoshino Experimental Animal Co., Saitama).
They were kept in metal cages in air-conditioned quarters and fed commercial pellets and water ad libitum.
The tumors used were 3 transplantable strains of rat ascites hepatoma such as Yoshida Sarcoma (YS), AH 109A and AH 100B, 2 transplantable rat myelccytic leukemias such as DBLA 1 and DBLA 6 (Odashima and Wang 1970) and one mouse lymphocytic leukemia L 1210 (Thomas et al. 1962 ). Both strains of AH 109A and AH 100B contained "hepatoma islands", tumor cell clusters, consisting of 2 or 3 cells in free tumor cells (approximately 3.5% for AH 109A and 11% for AH 100B). The other tumor strains contained little clusters in the cell population. Tumors were maintained by serial intraperitoneal (i.p.) transplantation. Intravenous transplantation of tumor cell suspension. The conditions of cell preparation was the same as mentioned above except that tumor cells were resuspended in Dulbecco's solution (pH 7.4) containing 0.90 mM CaCl2 , 0.49 mM MgCl2 and 5.55 mM glucose. A 0.2 ml of the suspension containing 10° tumor cells was injected into the tail vein of the animals.
At the 3rd or 4th day after transplantation, half of the animals were killed and organs were examined microscopically on the early stage of tumor growth . The remaining animals were killed on the day when an animal of each group first died . They were autopsied and the organs were examined microscopically . The details of the method of i.v. transplantation and lung colony formation have been described elsewhere (Khato et al . 1975) .
RESULTS
Characteristics of the filters and flow of cell free solution. The diameter and density of the pores and thickness of the filter membrane were measured micro scopically. Certain differences from the nominal data were observed ( Table 1) . As shown in Fig. 2A , B, the flow of cell-free solution under the controlled pressure was constant and the change of flow rate was directly proportional to the pressure . The filters from the same lot gave a constant quality and flow. arrest of some tumor cells at the pores and no specific adhesion of cells to the membrane was observed (Fig. 3) . The clusters of tumor cells were trapped more frequently by pores than free tumor cells . Pressure flow rate curves of tumor cell suspension. The relationship between pressure and flow rate of tumor cell suspension is shown in Fig. 4A , B and C. The curves obtained were convexed to the pressure-axis at low pressures and became linear over the pressure of the yeild point except the curves of AH 100B where a gradual increase of flow rate was observed within the range of pressure examined. The pressure of the yield point and the slope of the linear part of the curve were read and the ratio of the reciprocal of the slope to that of the curve of cell-free solution (relative apparent viscosity) was calculated. They are summarized in Table 3 . Distribution and frequency of metastases following i .v. transplantation. The results are summarized in Table 4 . The microscopical examination at the 3rd or 4th day after transplantation revealed that the postpulmonary spread of metastatic foci was marked in DBLA 6, L 1210 and YS, whereas it was difficult to find tumor cells in the lungs in the early stage of DBLA 6 and L 1210 . On the other hand, a large number of metastatic nodules without any postpulmonary spread were observed in the late stage of AH 10013, while only a small number of pulmonary metastases with a relatively wide postpulmonary spread was produced in AH 109A . (Fleischer et al. 1965 ). The pores are of quite uniform caliber, smooth, and pass in a fairly straight course from one surface to the other. One of the difficulties encountered was to obtain a constant flow through filters of the same pore diameter. This appeared to be due to differences in nominal quality among different lots of filters. Accordingly, only filters of the same lot for each pore diameter were used throughout the experiments. In the preparatory experiments, filtrability of the suspension with various cell concentrations (2.5 X 105 ' 107 cells/4 ml) was examined. It appeared that filtration time became long in proportion to the cell concentration and the percent of cells filtered remained constant and cell viability did not change significantly at various cell concentrations. Rheologically, the pressure-flow rate relationship is important to know the nature of viscosity (resistance) of the material. A material which shows nonNewtonian flow is considered to possess so-called structural viscosity and the reciprocal of the slope of the linear part of the curve indicates apparent viscosity of it (sec . cmH2O. ml-1). The pressure over which the curve becomes linear is considered to indicate the yield point of structural viscosity (cmH2O) . Apparent viscosity of cell suspension in filters of different pore diameters can be compared by relative apparent viscosity, i.e., the ratio of the apparent viscosity to that of cell-free solu tion (Gregersen et al. 1967 ). These parameters certainly reflect the properties of tumor cells since the cell-free solution shows perfect Newtonian flow (Fig . 2B) . Zeidman (1961) first postulated the significance of tumor cell deformability in the wide spread of hematogenous metastasis depending on the ability of the cell to pass through the narrow capillaries. Kawaguchi and Nakamura (1977) reported that the brain metastases were large in number in the tumor cells which were retained in the brain for longer time. It is reasonable to presume that tumor cells with longer filtration time may result in effectively permanent lodgement in vivo when inoculated into blood vessels. The tumors used in this experiment indicated the characteristic patterns of metastatic spread following i.v. transplantation (Table 4) . AH 100B with the lowest passing ability produced a large number of metastases in the lungs, while AH 109A with a higher passing ability than AH 100B indicated wide distribution of metastases. The difference in the distribution pattern of tumor cells in organs and in the development of leukemic state among three strains of DBLA 6, L 1210 and YS is considered to be well correlated with their passing ability. In leukemia, organs such as the spleen, liver, bone marrow and lymph nodes are often involved. It is also evident that even if numerous leukemic cells circulate in blood, there are organs which escape from invasion. This is also the case with the leukemic strains used in the present experiment. It is recognized that the preferential organs are suitable for proliferation of leukemic cells. Histologically the invasion begins from the appearance of a small group of leukemic cells in the perivascular region of the organs. Therefore, the "preference" of leukemic cells to the microcirculation of the organs may be of the first importance. It has been reported that tumor cells could grow following direct transplantation in some organs in which any metastases were produced after i.v. transplantation (Asahina 1967) . The results of the present experiments suggest that in the nonpreferential organs the leukemic cells released into blood from proliferating lesions in an early stage would pass easily through capillaries without effective lodgement for extravascular growth. On the other hand, the embolism of the cells in the preferential organs might be strong because of either narrow capillaries or low gradient of blood pressure or both. (Sato et al. 1977 ) and appeared to be the next shortest to 3 strains of leukemic cells. A high passing ability may be one of the most essential characters in the pathophysiolooical conditions of leukemia.
AH 100B cells appeared to possess the lowest passing ability among tumor strains examined and it may be owing to their evidently high structural viscosity.
The relation between rheological properties of cells with the internal content and structure of the cells needs further study in future.
